removal of urea and other small-(<500 Da) and medium-(500-2000 Da) molecular-mass components from the patients' blood and the regulation of water and electrolyte balance. The efficiency of the dialytic treatment is assessed by routine analyses of blood metabolites every month or two. That is, dialysis sessions are not customized to the patient's needs and the dialytic treatment is often run either too long or too short. In fact, inadequacy of dialysis has been directly linked to mortality rate [1, 2] .
During dialysis the concentration of urea in blood decreases from 20-50 mmolfL to <10 mmol/L.
On-line monitoring of Sorin Biomedica Cardio SpA., 13040 Saluggia (VC), Italy. [3] [4] [5] , potentiometric [6] [7] [8] [9] , thermometric [10] , and optical methods [11] . None 
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Dialyzer Della Ciana and Caputo: Biosensor for monitoring urea during dialysis The urea sensor was tested on a PFD unit (Multimat PFD System; BelIco, Mirandola, Italy). and a second conductivity cell, C2 (Fig. 2) . The analytical signal was taken as the difference in conductivity, or K, between the cells. These cells (Tecnologie Dinamiche, Bologna, Italy) are based on the principle of magnetoinductance and are already used in the dialysis system for monitoring the conductivity of the dialysis fluid and of the ultrafiltrate. They consist of a glass tube (i.d. 8 mm) divided into two parallel branches (length 10 cm), which join together again at the output end of the device. The internal volume of a cell is 13 mL. Two transformer coils are positioned on one branch. The current induced in the secondary coil by the primary coil depends upon the (vector) impedance of the fluid undergoing measurement, such that its measurement provides a value for the conductance of the liquid sample at the excitation frequency (-1 kHz). Since the main source of error associated with conductance measurements is due to temperature fluctuations, the conductivity cells have a well into which thermometric elements are inserted, capable of providing a feedback signal to the control circuit board for temperature compensation (the temperature coefficient was 2%/#{176}C; the reference temperature was 25 #{176}C). Urea analysis. Samples of ultrafiltrate taken from a sampling port (Fig. 1) were analyzed for urea, either with a phenol-nitroprusside colorimetric kit (urea nitrogen, cat. no. 640-A, Sigma
Chemical
Co., St. Louis, MO; bovine blood dialysis experiments) or with automated analyzers (clinical studies).
Bovine blood dialysis experiments.
We added urea to a 10-L pool of heparinized bovine blood to a concentration of 50 mmol/L (including the endogenous urea, 0.1-3 mmol/L). The blood was circulated through the PFD system shown in Fig. 1 , at a flow rate of 300 mL/min. The dialysis fluid SC2 was pumped at 500 mL/min, and ultrafiltrate was extracted at 60 mL/min. All these flow rates were kept constant throughout the dialysis.
Clinical experiments. Blood, dialysis fluid, and ultrafiltrate flow rates were 300 (±30), 500 (±50), and 35-60 mL/min, respectively. Dialysis time was 180-240 mm.
Results and Discussion
Characteristics of the biosensor. The biosensor is used to measure the electrical conductivity K (S . cm -I; 5 = siemens) increase occurring upon the hydrolytic conversion of urea into ammonium carbonate by urease, according to the scheme
(1)
The composition of aqueous solutions of ammonium carbonate at 25 #{176}C may be calculated by knowing [12] the ionic product of water (K., = 1.007 X 10-14) and the acidic dissociation The pH of such solutions is 9.19, also independent of concentration in the same concentration range. Table 1 . column 1.
The analytical signal exploited by the biosensor is the conductivity increase, K, observed upon complete conversion by immobilized urease of three neutral species (urea and two water molecules) into a mix of ions (Eq. 1 + Eq. 2).
The molar conductance A,0 (S . cm2 mol I) of a solution containing a salt is defined as the proportionality constant in the relation between K and concentration c of the salt (mol/L): where c,, z,, and Ai are the molarity, charge, and equivalent conductance (5 cm2 equivalent') of each ion, respectively. At infinite dilution, the molar conductance A0,o of an ammonium carbonate solution with the stoichiometiy shown in Eq. 2 can be calculated by using the equivalent conductances of its ions at infinite dilution or A,'. At 25 #{176}C these are 73.5, 44.5, 70, and 198.6 for NH4, HC03, C032-, and 0H, respectively [12] , and the resulting A,,,#{176} is 129.8 S cm2 mol'.
For the concentration range of interest (3.5-35 mmol/L), an estimate of the average A,,, can be obtained by means of the Debye-Hiickel-Onsager equation [13] . The estimated value of Am (111.7 S . cm2 mol') is in excellent agreement with the experimental data (112.1 5 cm2 mol').
However, for the biosensor proposed, the conductivity changes occurring upon hydrolysis of urea are measured not in pure water, but against a background of other ionic species, some of which are buffers. Thus, for a pH 7. To investigate the response of the biosensor, urea solutions in the range 3.5-3 5 mmol/L were prepared in SC2 dialysis fluid.
These solutions were passed through the biosensor at a flow rate of 60 mL/min, and the zK between cells Cl and C2 was recorded (Fig. 2) . These cells are based on the principle of magnetoinductance and are suitable for conductivity measurements in biological fluids such as ultrafiltrate. The average equivalent conductivity yield (i.e., the slope of a K vs urea concentration least-squares linear fit) did not significantly differ from the A,0 of corresponding ammonium carbonate solutions, indicating complete hydrolysis of urea by the urease reactor up to 35 mmol/L.
In fact, no significant amounts of urea were detected past conductivity probe C2. Stability experiments showed that the enzyme reactor ap- (4) pears to retain its full activity for at least 3 months when stored at 4 #{176}C in potassium phosphate buffer (0.1 moVL, pH 7.5) containing 1 mmolIL EDTA disodium salt, I mmolJL reduced glutathione, and 500 p.g/L methyl 4-hydroxybenzoate.
In addition, we found that the enzyme cartridge performed well over 4 weeks and for at least 20 runs when stored as described above between each run.
Bovine blood dialysis.
A typical dialysis run with bovine blood is shown on Fig. 3 . The ultrafiltrate entering the biosensor was sampled at regular intervals and analyzed for urea with a standard colorimetric kit. If the data points with urea concentration >35 mmol/L are excluded, an excellent correlation between LK and urea concentration, as determined by the colorimetric assay, is obtained. Correlation parameters for three separate experiments are shown in Table 1 
Clinical experiments.
To establish a correlation between biosensor signal (AK) and urea concentration, the device was first tested in three major hospitals on a total of 27 patients. Typical runs are shown in Fig. 5 . Linear correlation data are reported in Table 2 . The slopes obtained are comparable with those obtained for bovine blood experiments, suggesting that the matrix effects on Am must be similar in both cases. The cumulative data were similarly fitted (Fig. 6 ). 
0.984).
In particular, the small standard deviation on the slope clearly indicates that the composition of the ultrafiltrate in terms of ions and buffering species remains relatively constant from patient to patient. In other words, the matrix effects are sufficiently constant to allow measurements of urea to be carried out directly in the ultrafiltrate, without the need for diluting it. Next, the linear correlation parameters obtained as described above were used to compare the biosensor method with the conventional laboratory method. Data from a separate set of seven dialytic sessions are shown in Fig. 7 Cumulative data from 27 patients. This cell has two cylindrically shaped titanium electrodes positioned in the flow path of the cell. The choice of electrode material is of critical importance for our application. For example, noble metals such as platinum and gold are totally unsuitable for conductivity measurements in ultrafiltrate samples because they interact too strongly with its components.
Parallel tests carried out in our laboratories
indicate that the performance of this miniaturized urea sensor is comparable with that of the full-scale version. The very small internal volume of the conductivity cell (14 jL) combined with the greatly reduced flow rate of the ultrafiltrate sample (2 mL/min) allowed us to reduce the volume of the enzyme reactor to <200 .tL.
In conclusion, unlike other authors, we have avoided the integration of the biological component and the transducer. That approach, in fact, although it may seem attractive, has a number of inherent disadvantages: Each biosensor has somewhat different characteristics (response time, drift, shape of calibration curve), special manufacture techniques are needed (e.g., screen printing, microelectronic technology), and the biological component is defective, resulting in a nonlinear response to the analyte. In contrast, the modular nature of our biosensor greatly simplifies its mass production and quality control. In particular, a large batch of immobilized urease beads can be prepared and tested for activity. From this, many enzyme columns of uniform characteristics can be made. The conductivity cells can be independently prepared and calibrated, fol- lowing already established procedures. Finally, the biosensor proposed is very rugged, both in the mechanical and electrical sense, and thus is capable of surviving and performing well in the harsh environment of dialytic practice.
